Abstract-Atomic force microscopy nanolithography (AFM) is a strong fabrication method for micro and nano structure due to its high spatial resolution and positioning abilities. Mixing AFM nanolithography with advantage of silicon-on-insulator (SOI) technology provides the opportunity to achieve more reliable Si nanostructures. In this letter, we try to investigate the reproducibility of AFM base nanolithography for fabrication of the micro/nano structures. In this matter local anodic oxidation (LAO) procedure applied to pattern a silicon nanostructure on ptype (10 15 cm -3 ) SOI using AFM base nanolithography. Then chemical etching is applied, as potassium hydroxide (saturated with isopropyl alcohol) and hydrofluoric etching for removing of Si and oxide layer, respectively. All parameters contributed in fabrication process were optimized and the final results revealed a good potential for using AFM base nanolithography in order to get a reproducible method of fabrication.
INTRODUCTION AND REVIEW OF LITERATURE
The major techniques for fabrication of semiconductor devices are based on different lithographical procedures by means of top/down approach. In recent years, these conventional techniques are exceedingly developed. Nevertheless, some serious issues limit the applicability of these conventional techniques, which can be listed as costly operation, poor accessibility, multiple-step procedures and low accessibility for micro/nanoscale fabrication. In this matter uunconventional methods appear to have a good potential to make more applicable and low-cost techniques for fabrication of micro and nanostructures. Lately, some approaches such as soft lithography [1] , nano-imprint lithography (NIL) [2] , and atomic-force-microscope (AFM) base nanolithography [3, 4] appeared as extra options for nanofabrication. AFM base nanolithography techniques can be a proper technique for fabricating of nano and microstructurs [5, 6] .
According to different AFM nanolithography application Xie.et al [7] classified these techniques into two main categories regarding to the principal of operational, such as force assisted and biased assisted AFM nanolithography. In Table I these two main groups are illustrated according to their operational basis, interactions of tip and sample in each technique, different pattern formation modes and a few examples of each group.
For force-assisted AFM base nanolithography, as a mechanical tip-surface interaction, a massive force is applied on AFM tip in order to perform patterning. In biased-assisted AFM nanolithography, in order to create a confined electric field, an electric bias is applied on AFM probe. In this case, the gap regularly has few nanometers, therefore a slight bias of some volts can be able to create a huge electric field (10 8 -10 10 V/m). In biased-assisted AFM base nanolithography for silicon, tip induced local anodic oxidation (LAO) in the air is considered as a crucial process. For the first time, LAO was reported in 1994 [8] , performed on silicon-on-insulator (SOI) substrate, and it showed a reliable application in comparison with other scanning tunneling microscope method [9] . Rrecently, several works were reported in order to enhance the AFM-LAO nanolithography method [10, 11] . During LAO, an electric field is applied on AFM tip under ambient humidity in order to oxidize the specific surface of the substrate.
The presence of water meniscus in the gap between is necessary to facilitate the oxidation process on silicon substrate. For repetitive performance of AFM nanolithography technique as reproducible method for fabrication of micro/nanoscale devices a comprehensive understanding and control of the oxidation mechanism is required. In fact, a thorough understanding of the LAO procedure is complicated, since the motion of AFM cantilever or explicit spatial details between the tip and surface can be hard to observe [12] . In this matter, a qualitative mechanism was proposed [13] in three steps: (1) depassivation of the surface using high electric field, (2) oxyanion formation assisted by the presence of water meniscus and (3) oxyanions diffusion. In Table II , some basic models proposed for AFM-LAO are summarized.
Amongst different methods for etching process wet etching technique is a regular method to realize the silicon structure in AFM base nanolithography [14] . Solution of potassium hydroxide (KOH), which is saturated by isopropyl alcohol (IPA), is a renowned etchant for micro/nanolithography, where micro or nanostructure is defined by accurate crystalline plain regarding to anisotropic etching. It is important to note that the controllability on the cross section of silicon structure can be a good advantage of AFM base nanolithography. However, the reproducibility of such nanolithography is an important issue for further studies. In previous works [15] [16] [17] , we investigated impact of experimental parameters variation on fabrication of micro and nanostructure on p-type (100) SOI using AFM base nanolithography and KOH+IPA wet etching.
In present work we performed optimized fabrication result in order to study the reproducibility of AFM base nanolithography. We try to suggest possible potential of AFM base nanolithography to generate multiple silicon micro and nanostructures. This may be used as a guide for upcoming experimental works about AFM base nanolithography, including to the previous ones to complete previous work. 
Log kinetic model
Height of oxide is related to log(1/t) and linear performance amid 1/h vs log v [20] Space charge model -Different space charge dependence in process of oxidation (as a function of substrate doping). -Space charge is related to fast drop of initial growth rate -Direct and indirect pathway reaction (AlbertyMiller scheme) [21] II. FABRICATION PROCESS The schematic view for the fabrication process is shown in Fig. 1 ) SOI wafer p-type (100), prepared by using Unibond™ (UnibondInternational Ltd. UK), by a top silicon layer of 100 nm and with 145 nm buried oxide (BOX) thickness ( the resistivity of 13.5-22.5 Ω cm) (Soitech).
All the parameters for fabrication process were optimized according to our previous experiments. It is important to mention that a right choice for preparation of a sample must be given to the sample prior to start the LAO process, particularly for SOI with a thin layer of silicon on the top. For sample preparation, all SOI samples were imposed by ultrasonic energy (5 min) in an ultrasonic bath. Then a modified and optimized RCA method was performed on samples to reach the best possible output. For LAO procedure, Cr/Pt coated AFM tips (Budgetsensors Cont-G) were used where the force constant and resonance frequency were preserved as 0.2 N m −1 and 13 kHz respectively.
Conductive Cr /Pt coated AFM tip showed acceptable oxide layer quality, for the purpose of fabrication. Room humidity (RH) was manageable from 60%-80% with the accuracy of 1%, where the optimized condition for the oxide thickness and quality was found to be in the range between 65-68% of the RH% at room temperature. Higher RH% beyond 70% leaded to the shadow effect [15] when the rate of the produced oxide thickness was unchanged.
After the oxidation part by AFM-LAO two distinct stages of wet chemical etching were conducted in order to achieve micro/nanostructures. As the etchant, KOH solution (System, with KOH pellets of 56.11 g/mol) was saturated by IPA (Merck, molar weight of 60.10 g/mol,). The BOX sheet acted as an etch-stop layer during the etching progression. The IPA mixed with KOH etchant can lead to the surface enhancement after etching progression [14] . All KOH+IPA wet etching procedures were performed in a sealed glass beaker, where the temperature was kept constant.
The second step of etching method and final stage step in fabrication process is oxide removal. The etchant is hydrofluoric acid (HF, JT-Baker) in aqueous solution. Through HF etching procedure, the oxide mask along with native oxide were eliminated. The shape of the structures fabricated in this work was simple square pads to check the reliability of the fabrication method by AFM base nanolithography. Fig. 2a shows AFM image for several oxide patterns on SOI surface after optimized LAO process. At room temperature using the best optimization, the constant voltage of 8V on AFM tip with the writing speed of 0.6µm/s was applied to run the oxidation process on the surface of the SOI sample. The silicon oxide shaped by LAO acts as etching mask on top of SOI substrate, where unoxidized silicon layer is considered to be removed by etching process (Fig. 1) . In all LAO process, optimized parameters were used to study the possibility of fabrication of multi structures. The oxide layers patterned on SOI wafer had good shape with the random thickness of 3-4 nm which can be adequate oxide layer range to perform as the mask on silicon surface. As it can be seen the same quality of the oxide patterns were extracted by using the optimized parameters. This can be a sign of LAO potential as a suggestion for reproducible method in micro and nano fabrication. The optimized parameters for KOH+IPA etching were the solution of 30%wt. KOH with 10%vol. IPA at 63 o C, immersed for 22 seconds and stirred at the rate of 600rpm. During etching, stirring of the solution can guarantee the uniformity for the final results of rtching. For removing the oxide layer, the HF solution by the H 2 O/HF ratio of 100:1 for 16 s to 18 s was applied to the structures. In Fig. 2b , the AFM image of the silicon structures after the optimized KOH etching process are shown. It can be seen that all structures has acceptable uniform shape. Fig. 3a,b shows AFM and SEM image for the silicon structure after the etching process.
III. RESULTS AND DISCUSSIONS
As it is demonstrated in Fig. 3c , AFM profile image of the same structures reveals the same depth for all the structures, which is equal with the thickness of the highest silicon layer of the SOI (100 nm). This means that all undesired silicon around the oxide masks was successfully removed. Fig. 4a ,b demonstrates SEM images for two different samples after the optimized etching by a KOH+IPA solution.
As a conclusion, the AFM base nanolithography was examined to get reproducible method to fabricate micro/nano multi-structures on SOI substrate by using the optimized parameters during the fabrication procedure.
It is worth noting that during the fabrication process, some minor parameters are needed to be considered and controlled to get proper result, such as deformation or geometry of AFM tip, order of oxidation, hydrophobicity, doping concentration and even the dielectric constant of silicon as the substrate material.
